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BIOMECHANICAL EVALUATION OF PROXIMAL HUMERUS FRACTURE FIXA-
TION AND ROTATOR CUFF REPAIR

Parthasarathy Raghava
BIOMEDICAL ENGINEERING
ABSTRACT

Locked plating is frequently used to treat proximal humerus fractures. However,
varus collapse remains common. Anatomic reduction may decrease the frequency of va-
rus collapse though no studies have evaluated this relation. Hence the first part of this
study was to evaluate the role of calcar comminution and calcar fixation upon fixation
stability.

Eleven matched humeri with three-part fractures were fixed with proximal hu-
meral locking plate. Six pairs had an additional 1-cm medial wedge removed to simulate
calcar comminution. Within each matched humerus, one had calcar fixation with long
screws while the other did not. The constructs were then loaded to failure. Load and en-
ergy to failure, stiffness and displacement at failure were measured. A multivariate re-
gression analysis was performed to evaluate the effect on the measurands.

The results showed that the non-comminuted specimens yielded 49% and 45%
higher average load and energy to failure than comminuted specimens (p<0.05). Addi-
tionally, calcar fixation resulted in 22% and 27% higher load and energy values in com-
minuted and non-comminuted specimens respectively (p<0.05). The study suggested that
calcar comminution critically destabilizes proximal humerus fractures while calcar fixa-
tion provides additional stability.

The second part of the project evaluates the properties of the lasso-loop stitch

compared to simple, mattress, Modified Mason-Allen (MMA) and Massive-Cuff (MAC)



stitches that are used in rotator cuff repairs. Effect of three tissue penetrator geometries
(clever hook, chia perc-passer and ideal suture passer) and tissue bite size (0.5-cm versus
1.0-cm) on suture strength was also evaluated.

One-hundred and twenty four sheep infraspinatus tendon were used. Each graft
was first cyclically loaded and then loaded to failure. Peak to peak displacement, cyclic
elongation and load to failure were measured. Two-way analysis of variance was em-
ployed to compare the different properties. The results showed that the lasso-loop stitch
had similar failure values to the mattress stitch (p=0.62). No significant differences were
found in the average load to failure between the different tissue penetrators (p>0.05).
Also, a 1.0-cm purchase had a significantly higher failure load than the 0.5-cm bite size
(p<0.05). In this study, three variable parameter were examined with the aim of improv-

ing suture-tendon strength.
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CHAPTER 1

INTRODUCTION
1.1 Proximal Humerus Fractures
The shoulder joint is the most mobile joint of the human body. It allows movement of the
arm with respect to the thorax. Movements of the human shoulder involve a complex
relationship of muscle forces, ligament constraints, and other bony articulations. Static
and dynamic stabilizers allow the shoulder the greatest range of motion of any joint in the
body. However this extensive range of motion is not without risk. If any of the static or
dynamic stabilizers are injured by trauma or overuse, the shoulder is at increased risk for

injury. Shoulder injuries account for 8% to 20% of athletic injuries (Steinbruck, 1999).

Proximal humerus fracture is the second most common fracture of the upper extremity,
following distal forearm fracture. A survey by US Medicare population has found that
fracture of the proximal humerus account for 10 percent of all fractures (Baron et al.,
1996). In the United States alone, over 300,000 fractures of the proximal humerus occur
annually (Praemer et al., 1992). Of these fractures, 80% are minimally displaced (<1 cm)
and can be treated with early physical therapy (Neer, 2002). However, the rest 20% of the
fractures have substantial displacement (>1 cm), or angulation (>45°), rotation, or
tuberosity involvement. Closed reduction methods, particularly with comminuted,
unstable two-part surgical neck patterns, have frequently led to poor clinical results

because of the inability to gain and maintain a satisfactory reduction. Increasing attention



has been focused on operative fixation for unstable two/ three part surgical neck
fractures, although there is controversy regarding the optimal fixation technique (Gardner

et al, 2007).

Different techniques are used for internal fixation of displaced proximal humeral
fractures. The most common devices include plate fixation, fixed-angle plate fixation,
antegrade intramedullary fixation, tension-band wiring, percutaneous fixation, and
external fixation (Agel et al., 2004). However, these devices have their own limitations.
Inadequate implant fixation may result in implant loosening, fracture re-displacement,
and poor patient outcome. In patients over sixty-five years old, the bone of the proximal
aspect of the humerus is usually osteoporotic. Thus independent from the method chosen
for fracture repair, reduced bone mass and bone quality of the humeral head complicate

internal fixation (Bernard et al., 2000).

With the advent of locking fixation, a greater number of displaced proximal humerus
fractures are being treated with locking plates. Locking plates have better mechanical
and torsional stability than the conventional fixation techniques (Sara et al., 2006).
However, despite the increased stability and use of locking fixation, loss of reduction
remains a post-operative problem in comminuted, osteoporotic bone. One complication
still seen, despite the added strength provided by the locked plate over conventional
fixation, is hardware failure with collapse of the fracture into varus. One large series with
proximal humerus locking plates had a 15-20% rate of varus collapse (Plecko et al., 2005;

Owsley et al., 2006). A varus humeral head-shaft angle can compromise the shoulder



biomechanics. In varus collapse, the head-shaft angle is reduced from around 140
degrees to less than 120 degrees. This decrease in angle has been associated with pain
and limited shoulder motion (Owsley et al., 2006). To alleviate this pain, secondary
interventions such as hardware revision, arthroplasty, corrective osteotomy and in many
cases hardware removal may be necessary (Meier et al., 2006; Benegas et al., 1987).

Hence it is important to understand the advantages and limitations of such treatments.

To prevent the occurrence of varus collapse, we analyzed the fractured specimens and
two important factors were identified which alone or together influenced the fixation of
the proximal humeral fractures. They were: 1) calcar comminution of the medial cortex;
and 2) poor use of calcar fixation. We presently hypothesized that the lack of medial
cortical contact critically destabilize proximal humerus fractures but with calcar fixation,

the medial stability can be restored thus preventing varus collapse.

1.2 Rotator Cuff Repairs

Critical to the success of surgery is the repair stability allowing early range of motion
without loss of reduction. Complex humeral head fractures, in particular, those with
displaced tuberosities, are frequently associated with a longitudinal tear of the rotator
cuff. Numerous studies show that functional outcome of the fixation of proximal humeral
fractures well correlate with rotator cuff repair integrity (Porcellini et al., 2006;
Wilmanns et al., 2002). The disruption of the rotator cuff can directly affect the loads
sustained on the glenohumeral joint (Parsons et al., 2002). If not reduced sufficiently, this

may result in a tendinous gap, an uncovered humeral head, and alterations of the rotator



cuff. Thus there is a need for a careful rotator cuff repair in order to optimize treatment

results.

The rotator cuff tears can be surgically treated with the help of arthroscopic stitches.
Many techniques have been described to improve the biomechanical properties of
arthroscopic stitches (MacGillivray et al., 2004; Scheibel et al., 2003; Sileo et al., 2007).
However, these stitch configurations may involve additional materials or additional steps
that can increase the cost, complexity, and length of surgery. The current stitches
frequently used in arthroscopic surgery include the simple, mattress, a combination of the
two which is termed a MAssive Cuff stitch (MAC) (MacGillivray et al., 2004) and

Modified Mason-Allen (MMA) stitch (Ma, et al., 2004).

It is widely accepted that the weakest aspect of the repair construct remains the tissue-
suture interface (Burkhart et al., 1997; Cummins et al., 2003). The importance of repair
healing has been demonstrated with improved outcomes in successful repairs compared
to failed repairs (Gazielly et al., 1994). This further emphasizes the need to identify
techniques to improve the strength of repairs, open or arthroscopic, in an attempt to

improve the rates of healing.

The lasso loop stitch that was recently designed to improve tissue grip, is a technically
simple arthroscopic stitch that does not involve additional implants and frequently
reduces the number of implants used in shoulder arthroscopy (Lafosse et al., 2006).

Similar to the MMA stitch, the lasso loop can be easily placed arthroscopically and



similar to the MAC stitch, the lasso loop limits suture pull out through the tendon by
grasping the repaired tissue. While this stitch technique has been used with good clinical

results, it has not yet undergone formal biomechanical testing (Lafosse et al., 2007).

Thus in the second part of this study, biomechanical evaluation of the lasso loop stitch in
comparison with other stitches was carried out. Also the impact of the tissue penetrator
geometry and the tissue bite size has upon tissue holding strength characteristics rotator

cuff repair stitches.



CHAPTER 2

LITERATURE REVIEW
2.1 Shoulder Anatomy
The shoulder joint (Fig. 1) is made up of three major bones; namely, the humerus (upper
arm bone), the scapula (shoulder blade), and the clavicle (collarbone) as well as
associated muscles, ligaments and tendons. The humerus is the largest and longest bone
of the upper extremity. Some of the important anatomical features of the humerus are the
humeral head (half-spheroid articulating surface in proximal part), greater tubercle,
intertubercular (bicipital) groove, lesser tubercle, surgical neck and the humeral shaft.
The greater tubercle has 3 facets into which the tendons of the supraspinatus,
infraspinatus, and teres minor join. The lesser tubercle is the site of insertion of the

subscapularis, completing the rotator cuff.

The second major bone, the scapula is a large, thin, triangular bone lying on the
posterolateral aspect of the thorax, which serves mainly as a site of muscle attachment.
The superior process, or spine, separates the supraspinatus muscle from the infraspinatus
and extends to form the base of the acromion. The spine functions as part of the insertion
of the trapezius muscle, as well as the origin of the posterior deltoid muscle (Terry et al,
2000). The acromion forms a portion of the roof of the space for the rotator cuff, and

variations in acromial shape can affect contact and wear on the rotator cuff (Terry et al,
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Figure 1: Anterior (top) and posterior (bottom) view of shoulder joint.



2000). The coracoid process projects anteriorly and forms the upper border of the head of

the scapula.

The final major bone in the shoulder joint is the clavicle and it serves as the sole bony
strut connecting the trunk to the shoulder girdle. This specific arrangement of the clavicle
keeps the humerus away from the thorax so that the arm has maximum range of
movement. The clavicle also serves as a site for muscle attachments. In addition to this, it
acts as a barrier to protect underlying neurovascular structures, and a strut to stabilize the
shoulder complex and prevent it from displacing medially with activation of the
pectoralis and other axiohumeral muscles. Additionally, the clavicle prevents inferior

migration of the shoulder girdle (Craig, 1997).

2.2. Joint Articulations

The articulations between the bones of the shoulder make up the shoulder joints. Its large
range of motion is made possible by the interplay of four joints; namely, glenohumeral
joint, sternoclavicular-joint, acromioclavicular-joint and scapulothoracic joint (Jansen et

al, 2001).

The glenohumeral joint is the main joint of the shoulder. It is a ball-and-socket joint that
allows the movement like flexion, extension, abduction and adduction. It is formed by
the articulation between the head of the humerus and the lateral scapula. The "ball" of the
joint is the rounded, medial anterior surface of the humerus i.e. the humeral head and the

"socket" is formed by the glenoid fossa, which is the dish-shaped portion of the latter



scapula. The surface area of the glenoid socket is approximately one-third that of the
surface area of the humeral head (Kelkar et al, 2001). Thus, the humeral head does not fit
perfectly within the glenoid socket. This size discrepancy creates a situation where the
two bones do not securely fit together without the help of other physical structures. Thus
this joint is dependent primarily on soft tissues for stability. A combination of muscles,
capsules and ligmentous forces is necessary for the normal motion to occur (Kelkar et al,

2001).

The labrum is a rim of fibrocartilage that lies directly between the humeral head and the
glenoid provides a smooth surface that allows for the humeral head to rotate with
minimal friction, thus cushioning both the humerus and the scapula. The joint capsule is a
thin sheet of fibers that surrounds this joint. The capsule of the shoulder is attached along
the outside ring of the genoid cavity and the anatomical neck of the humerus. This allows
a wide range of motion yet provides stability. Also it is lined by a thin, smooth synovial
membrane which secretes the synovial fluid. The conformity of the glenoid and the
humeral surfaces along with the synovial fluid present, passively stabilize the

glenohumeral articulation.

The main muscles that associated with the glenohumeral joint are the supraspinatus,
subscapularis, infraspinatus, and teres minor (rotator cuff). All four of these muscles
connect the scapula to the humerus. In addition to the labrum, capsule and the rotator cuff
muscles, six other ligament help with the stabilization and movement of this joint (Kwak

et al, 1998).



The acromioclavicular joint formed between the clavicle and the scapula is a gliding joint
which gives the ability to raise the arm above the head. This joint helps with movement
of the scapula, thus resulting in a greater degree of arm rotation (Terry et al, 2000). Also,
this joint allows the transmission of force from the upper arm to the rest of the skeleton.
Like the glenohumeral joint this joint requires the action of various ligaments and
muscles for its stability. The muscle sets which are associated with this joint are the

trapezius muscle and the deltoid.

The sternoclavicular articulation forms the only skeletal articulation between the upper
extremity and the thorax. This is a sellar (saddle) joint formed by the medial end of the
clavicle, the clavicular notch, and the cartilage of the first rib. Because of the size
disparity between the large bulbous end of the clavicle and the smaller articular surface of
the sternum, stability is provided by the surrounding ligamentous structures (Terry et al,

2000, Klein et al, 1995).

The scapulothoracic articulation is the space between the convex surface of the thoracic
cage and the concave surface of the anterior scapula. It is occupied by neurovascular,
muscular, and bursal structures that allow a relatively smooth motion of the scapula on
the underlying thorax. With the scapula serving as the bony foundation of the shoulder
girdle, this joint allows increased shoulder movement beyond the 120° (Terry et al, 2000).
Seventeen muscles attach to or originate from the scapula and function to stabilize this

joint and provide the motion.

10



2.3 Fracture Patterns and Classification

Proximal humerus fractures represent a common condition. It is the third most common
type of fracture seen in elderly patients and account for 10 percent of all fractures. Also
studies have predicted a three-fold increase over the next three decades (Baron et al.,
1996, Kannus et al., 2000). Management of these injuries is complicated by several
factors because of the complex anatomy. Some fracture patterns may compromise the
vascularity of the humeral head, while other patterns are complex and are difficult to
understand according to imaging studies. Also, bone quality plays a key role and the
overall geometry of the proximal humerus and may be difficult to reestablish when

humeral head replacement becomes necessary (Diederichs et al., 2006).

The basic anatomic elements of proximal humerus fracture classification were outlined
by Neer (Neer, 2002). The Neer system classifies the fractures based on displacement of
each of these segments and in addition, considers the presence of associated dislocation,
impaction, or division of the head. The new classification was called the “four segment
classification” which is based on the “One centimeter or forty-five degrees” displacement
criteria. The limits of 1.0-cm displacement or 45° angulation were arbitrarily set as the

displacement criteria for classification.

One-part fractures (minimal displacement): Eight out of ten proximal humeral fractures
are of this type. This category includes all fractures of the proximal humerus, regardless
of the level or number of fracture lines, in which no segment is displaced more than 1 cm

or angulated more than 45°.

11



Two-part articular segment displacement (anatomic neck): This is characterized by
isolated displacement of the articular segment at the anatomic neck level, without
displacement of the tuberosities. The undisplaced tuberosities prevent the articular

surface from being displaced in valgus.

Two-part shaft displacement (surgical neck): This type of fracture occurs in patients of all
ages. There may be hairline, undisplaced fissure fractures proximally in the tuberosities,
but they and the articular segment are held in neutral rotation by the rotator cuff muscles.
There are 3 clinical types, each with special treatment considerations.

Impacted: For the impacted type, there is more than 45° angulation and the apex is
usually anterior. The periosteum is intact on the side opposite the apex.

Unimpacted: In this, the pectoralis major act to displace the shaft anteromedially and the
head tends to remain in neutral rotation.

Comminuted: For the comminuted type, fragmentation of the upper shaft is present and
the pectoralis major may retract a large fragment the head and tuberosities are held in

neutral rotation by the rotator cuff.

Two-part greater tuberosity displacement: Two-part greater tuberosity displacement is
usually seen with an anterior dislocation that has reduced after relocation of the head. The
segment is usually fragmented and one or all of its three facets for the rotator cuff
attachments are retracted, causing a tear in the rotator cuff and covering a portion of the

articular surface (Neer, 2002).

12



Two-part lesser tuberosity displacement: As the name indicates, in this type the lesser

tuberosity is displaced with respect to the humeral head.

Three-part displacements: In 3-part displacements one of the tuberosity is displaced and
there is a displaced unimpacted surgical neck component that allows the head to be
rotated by the other non-displaced tuberosity. When the greater tuberosity is displaced,
the head is rotated internally. When the lesser tuberosity is displaced, the head is rotated

externally (Sanchez, 2006).

Four-part fractures: In a true 4-part fracture (lateral fracture-dislocation), the articular
segment is displaced out of contact with the glenoid (i.e., dislocated), detached from the
shaft and both tuberosities, and detached from its blood supply. The exception is the

valgus-impacted type of 4-part fracture which is a less-displaced, borderline lesion.

This classification was intended to help understand the pathoanatomy of different fracture
patterns, which may be difficult to infer based on radiographs alone. Understanding
proximal humerus fractures is complicated by variation in fracture patterns and
difficulties interpreting two-dimensional radiographs in different positions of the arm.
The increased use of computed tomography with three-dimensional reconstruction
represents a major advance in the evaluation and treatment of proximal humerus

fractures.

13



2.4 Fracture Fixation

Most proximal humerus fractures occur in patients with osteopenia (Anderson et al.,
1999). Due to this, there is a high degree of comminution which increases the magnitude
of cancellous defects, and the potential for fixation failure and fracture redisplacement in
an impact event. Internal fixation of proximal humerus fractures can be improved by
increased awareness of regions within the proximal humerus with increased bone mineral
density (Diederichs et al. 2006) and also by the use of modern low-profile fixed-angle
devices designed for fixation in osteopenic bone (Sanchez, 2006). Bone quality and
mineral density are different in different regions of the proximal humerus (Diederichs et
al, 2006). Knowledge of areas with better bone quality may be used to achieve stronger

implant fixation and decrease the risk of hardware failure.

Hepp et al. (2003) used 24 fresh human cadaveric humeri to determine the
histomorphometric and bone strength distribution in the anterior, posterior, medial,
lateral, and central regions of four different proximal to distal levels of the humeral head.
The best bone was found in the medial and dorsal aspects of the head, and bone quality
decreased from proximal to distal (Hepp et al., 2003). Better bone mineral density was
found in the proximal compared to the distal half of the humeral head. The posterior
aspect of the greater tuberosity had higher trabecular BMD compared to its anterior
aspect; greater tuberosity cortical BMD was higher in the middle aspect proximally and

the anterior aspect distally (Tingart et al., 2003).
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Internal fixation of proximal humerus fractures can be improved by the use of
specifically designed devices. There are numerous procedures available for fixation like
semi-rigid (percutaneous k-wiring, screw fixation, tension band wiring) and rigid
(conventional plates and screws, intramedullary nailing) means (Charalambous et al.,

2007; Florian et al., 2003).

Presently most proximal humerus fractures are treated using locking plates which are
anatomically contoured plates that allow placement of multiple locked screws in the
humeral head (Egol et al., 2004). Ideally, the devices used for proximal locking should
provide fixed-angle fixation. It was found that locking plates stabilized the fracture to
union in a satisfactory position, for a majority of proximal humerus fractures
(Charalambous et al., 2007). Also Sara et al., (2006), found that a locking compression
plate for the proximal part of the humerus demonstrated superior biomechanical
characteristics compared with the proximal humeral intramedullary nail when tested in

both cyclic varus bending and torsion.

One particular design in locking plates is called the Locking Compression Proximal
Humerus Locking Plate (LCP-PHLP, Synthes, Paoli, PA). Its shape is anatomical,
conforming to the proximal humerus (Fig. 2). In the humeral head component of the
plate, there are five pairs of combi-holes (A, B, C, D and E holes) through which locking
screws are inserted in multiple directions into the humeral head (Fig. 2). The placement
of these holes is designed in such a way that they not only provide flexibility in screw

placement, but also permits multiple points of fixation to support the humeral head which
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Suture holes
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Figure 2: Proximal Humeral Locking Plate (PHLP)
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is essential as it was shown by Liew et al. (2000) that the bone with the greatest purchase
IS center-center subchondral position in the humeral head. In the shaft component of the
implant combi-holes provide the option of locking or non-locking screws to be inserted.
Smaller holes allow the passage of sutures or wires to help reattachment of the greater
and lesser tuberosities. The implant comes in short and long sizes with three and five

shaft combi-holes, respectively.

Despite the added strength provided by the locking plate over conventional fixation,
hardware failure with collapse of the fracture into varus is noticed in many cases (Plecko
et al., 2005). Also it has been noticed that numerous secondary interventions ranging
from hardware removal to hardware revision to arthroplasty have been necessary at the

expense of added morbidity to the patient.

The concept of “calcar restoration” of the proximal humerus was introduced by Gardner
et al. (2007) in which they found that surgical reduction of the calcar significantly
reduced the rate of varus collapse. Even though clinical evidence supports that
appropriate reduction at the time of surgery, with near anatomical restoration of the neck-
shaft angle, decreased the rates of varus collapse (Weinstein et al, 2007) no such relation

ship between the calcar restoration and the varus collapse have been established.

2.5 Rotator Cuff Tears

The rotator cuff is a group of muscles consisting of the subscapularis, supraspinatus,

infraspinatus, and teres minor, which act as a dynamic stabilizing mechanism for the
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humeral head. Experimental studies have demonstrated that the rotator cuff serves two
principle functions at the glenohumeral joint: (1) generation of torque which is important
for rotation of the humerus on the glenoid; and (2) compression of the humeral head into
the glenoid concavity. This latter function of glenoid compression compensates for the
lack of inherent bony stability at the glenohumeral joint, thus serving as the primary
stabilizing mechanism for this minimally constrained articulation during the functional

range of motion (Karduna et al., 1996; Warner et al, 1998).

Rotator cuff tears are very common during sports activities. Also complex humeral head
fractures are frequently associated with a longitudinal tear of the rotator cuff. Tearing of
the rotator cuff not only results in shoulder pain but also lead to altered biomechanics of
the shoulder. Rotator cuff tear often displaces the greater tuberosity superiorly and
posteriorly, while the lesser tuberosity is frequently displaced inferiorly and medially by
muscular forces. Thus if not reduced sufficiently, this may result in a tendinous gap, an

uncovered humeral head, and alterations of the rotator cuff.

Although many tears can be treated conservatively, rotator cuff surgery is considered
when non-operative treatment fails. Thus arthroscopic repair has become an established
surgical technique for the treatment of rotator cuff tears. Rotator cuff repair can only be
considered as long as the quality of the torn rotator cuff is still sufficient. Despite
continual improvement in surgical techniques and instrumentation, re-tear of the tendons

does occur in many patients (Mansat et al., 1997).
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The repaired rotator cuff has several potential points of weakness: the tendon—suture
interface, the suture itself, the suture—eyelet interface, and the bone—anchor interface.
Early rotator cuff failures were observed to be caused by either failure of the knot at the
suture anchor; however, the majority of the failures occur when the suture pulls out
through the tendon (Cummins et al., 2003). Thus the weakest link has been shown to be
the suture-tendon interface (Gerber et al., 1999; Rossouw et al., 1997). In addition, weak
initial fixation with stretching of the repair can lead to gap formation between the
repaired tendon and the osseous insertion and subsequently to poor tendon-to-bone
healing (Burkhart et al., 1998). Thus one needs to identify techniques to not only improve

the strength of repairs, but also in an attempt to improve the rates of healing.

2.6 Arthroscopic Repair Techniques

Many suture techniques have been described in the literature to improve the
biomechanical properties of arthroscopic stitches (Gerber et al., 1999, Scheibel et al.,
2003). However, some of the stitch configuration involves additional surgical tools and
methods for arthroscopic placement thus leading to increase in cost, complexity, and
length of surgery. The current suture techniques frequently used in arthroscopic surgery
include the simple stitch, the horizontal mattress stitch, the massive cuff stitch (MAC)
which is the combination of both simple and mattress. Ma et al., (2004) showed that both
simple and mattress stitch had comparable biomechanical properties, while the MAC

stitch was stronger than simple or mattress stitches when tested in sheep tendons.
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The modified Mason-Allen (MMA) stitch is another stitch which is commonly used for
rotator cuff tears. However, this stitch is used in open repairs as this stitch is quite
difficult to perform arthroscopically. This stitch has been proven to be biomechanically
stronger than simple or mattress stitches when tested in sheep tendons in vitro (Ma et al.,
2004). Also the MMA stitch has long been the gold standard against which other suture

configurations have been compared (Schneeberger et al., 2002).

The lasso loop (LL) stitch is a technically simple arthroscopic stitch that does not involve
additional implants and frequently reduces the number of implants used in shoulder
arthroscopy (Lafosse et al., 2006). In the LL stitch, “the mid-portion of a suture is passed
through the tissue creating a loop of suture that allows the free suture end to be grasped
and brought through the loop creating a self-cinching stitch” (Fig. 3). The LL technique is
versatile and has been used in arthroscopic bicep tenodesis, as well as in rotator cuff

repairs (Lafosse et al., 2006).

Lasso loop stitch similar to the MAC stitch can be easily placed arthroscopically and
limits suture pull out through the tendon by grasping the repaired tissue. However, in
contrast to the MAC, the LL can be placed with one (simple stitch) or two (mattress
stitch) passes through the tissue as opposed to three passes. Also, unlike the MAC stitch,
the lasso loop does not require additional suture to be placed, further simplifying and
expediting the repair. While LL stitch technique has been used with good clinical results

(Lafosse et al., 2006), it has not yet undergone formal biomechanical testing.
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Figure 3: Figure showing the process by which the lasso loop is placed (A through F).
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The strength of the tendon-suture interface does not just depend on the type of suture
placed, but may also depend on the type of tissue penetrator used for placing the sutures.
Numerous studies have examined the types of suture/ suture anchors used with very little
emphasis on the device for suture passage (Cummins et al., 2003; Burkhart et al., 2002).
Numerous arthroscopic devices with varied size and shape are used in rotator cuff repairs.
Differences in the tissue penetrating geometries may affect stitch strength. Hence a
proper understanding of the instrument used for the placing the suture is also needed for

improving the healing rates.

Another parameter that may influence in the tendon suture strength is the bite size. Larger
tissue purchases have been demonstrated to improve footprint coverage, but we are
presently unaware of any relationship between bite size and stitch strength. Hence

evaluating the influence of bite site is also needed for a proper tendon repair.
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CHAPTER 3
PURPOSE

As mentioned earlier, the PHLP is designed to allow for five pairs of locking screws to be
placed in the humeral head. The most distal locking screw options in the humeral head
(the E-hole screws) are positioned and angled such that they are placed along the most
inferior aspect of the surgical neck and humeral head and, in many cases, cross the
fracture site. Nowhere in the surgical technical guide or in the orthopaedic literature has
the relative importance of one row of locking screws over another been emphasized in

stabilizing the proximal humerus fractures.

Also, there is a need to assess the role of calcar comminution and the importance of
calcar stabilization in the use of proximal humerus locking plates as medial fracture
comminution has not been well studied and varus collapse continues to be a clinical

problem.

Hence we hypothesized that:

1. Calcar comminution is a determinant of fracture fixation and fracture stability; and

2. Greater stability and increased resistance to varus deformity is obtained through use of
long locking E-hole screws which cross the inferior surgical neck and penetrate the

humeral head.
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The second part of this study evaluates the biomechanical properties of the lasso loop
stitch in comparison to other common stitches used in shoulder surgery: namely simple,
mattress, MMA and MAC stitches. Also this study evaluates the impact that the size of
the tissue penetrator has upon stitch holding strength. To our knowledge, very limited
insight has been found in the literature that addresses the stitch strength based on the size
of tissue penetration. Finally this study also investigates the effect of tissue bite size
through the tendon has upon the holding strength of commonly used stitches. Even
though larger tissue purchases have been demonstrated to improve footprint coverage, we
are presently unaware of any relationship between bite size and stitch strength placed for

the rotator cuff repair.

Thus we hypothesized that:

a) the lasso loop stitch will have similar properties to the MAC and MMA stitches and
will have better biomechanical properties when compared with simple and the
mattress stitch.

b) bigger tissue penetrator will have lower load to failure values than the smaller
diameter tissue penetrator.

c) bigger bite size will have higher suture holding strength than smaller bite size.
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CHAPTER 4
MATERIAL AND METHODS

4.1 Proximal Humerus Fracture Fixation

4.1.1 Specimen preparation

Following IRB approval, eleven pairs of fresh frozen humeri harvested from fresh frozen
cadavers were used for the study. The mean age of the cadavers was 63.3 years, with a
range of 38 to 86 years. All cadavers were screened for cause of death, and their humeri
were grossly inspected for deformity. The humeri were stripped of their entire adherent
soft tissues and dual energy x-ray absorptiometry (DEXA) scans of each humerus were
obtained to provide a measure of bone mineral density within the humeral head. Also
each specimen was analyzed with fluoroscopy to ensure there were no pre-existing
osseous defects prior to testing. Finally, after removing the distal humeral condyles the

humeri were stored as pairs in sealed bags at -20°C.

4.1.2 Fracture simulation and fixation

In order to test the hypothesis, four different fractures construct was created. In all the
specimens, a simple, reproducible, non-comminuted, 10° oblique, three-part surgical neck
fracture which has been previously described in the literature (Neer CS, 1970) was
simulated using a band saw by an experienced surgeon. Additionally in five of the humeri

pairs, a 1-cm bone resection across the calcar region was made to mirror the medial
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comminution. Thus we created two fracture groups, namely; medial comminution and

non-comminution group.

Once the fracture has been simulated, all the specimens were fixed with the help of
Proximal Humerus Locking Plate. In every construct, all the seven proximal locking
screws (the A, B, C, and D holes) were filled. However within each matched pair of
humeri (left Vs right), one received long E-hole locking screws (40 mm) which crosses
the fracture site and penetrates into the humeral head thus providing good calcar support
while the other had short E-hole screws (25 mm) which did not cross the fracture site thus
did not have a calcar support (Fig. 4). Thus, we established four different conditions: 1)
Medial comminuted with short calcar screws (MCS) and 2) Medial comminuted with
long calcar screws (MCL) 3) Non-comminuted with short calcar screws (NCL); and 4)

Non-comminuted with long calcar screws (NCS) (Fig. 5, 6).

Figure 4: Types of screws used in PHLP construct.
A) long (40 mm) calcar (E-hole) screws B) short (25 mm) calcar screws
C) non locking humeral shaft screws.
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4.1.3 Testing Protocol

Mechanical testing was performed using a previously established method by Koval et al.
(1996) in which the distal humerus was potted in polymethyl methacrylate (PMMA,; CG
America Inc., Chicago, IL) using an aluminum cup. This is then placed inside the steel
tubing oriented at 20° and welded to the base plate (Fig. 7). This model closely
reproduced the longitudinal direction of force encountered at the geometrical center of
the humeral head seen with early active abduction. The steel tubing contained four lateral
screws which aided in holding the aluminum cup potted with the humerus at a fixed
position. Vertical compressive loads were then applied to the superior aspect of the
humeral head 0.5-cm medial from the lateral groove, using a 2-cm diameter cupped
cylinder. The constructs were continuously loaded to failure at a rate of 10 cm/min by an
858 Mini Bionix uniaxial servohydraulic Materials Testing System (MTS Systems Corp.,

Eden Prairie, MN, USA).

Actuator force and displacement were recorded using the MTS TestStar software. Failure
was defined as either marked decrease or discontinuity in the load-displacement curve or
expansion of the simulated fracture line along the medial cortex in case of non-
comminuted fractures and completion of varus angulation with closure of the medial

cortical defect in case of medial comminuted fractures.

27



Short calcar Long calcar

SCrews Screws
PHLP
Medial construct
comminution

Figure 5: Correlation between the radiographs and the fracture constructs for
medial comminutied specimens.
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Figure 6: Correlation between the radiographs and the fracture constructs for
non-comminuted specimens.
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Figure 7: Jig used for the biomechanical Testing
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4.1.4 Data and statistical analysis

Following testing, the actuator load and displacement data was transferred to Excel
software (Microsoft Corporation, Seattle, WA) to create load-displacement curves. From
the load-displacement curves obtained for each construct, values for stiffness, load to
failure, displacement at failure, and energy to failure were determined (Fig 8, 9). Each
test was also recorded with a digital camera so as to capture the different modes of failure

for the constructs.

Stiffness was calculated as the slope of the linear portion (point until which the deviation
increases) of the load-displacement graph. The load to failure was obtained by comparing
the load-displacement graphs with the respective videos taken during the trail (Fig. 10,
11). Energy to failure was taken as the area under the curve until the point of failure.
Displacement corresponding to failure load was considered as the displacement at failure.
Two-way Analysis of Variance (ANOVA) was used to evaluate the differences in

measurements due to comminution, and the type of screw used for fixation.

Also a multivariate, random intercept regression model was fitted for each outcome using
SAS version 8.02 (SAS Institute, Cary, NC). This technique properly accounts for the
paired nature of the specimens and quantifies the degree of correlation between matched
pairs. Various models were explored considering Bone Mineral Density (BMD) as a
linear or categorical variable, and all interactions (fracture type by screw length, fracture
type by BMD, screw length by BMD) were examined with the alpha level of significance

setat p <0.05.
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Figure 10: Correlation between the video taken with the load-displacement graph for
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4.2 Evaluation of Rotator Cuff Repair Techniques

4.2.1 Specimen Preparation

Thirty-one sheep shoulder pair was harvested from which the infraspinatus tendon was
dissected free from the surrounding muscles and any bone attachments. Paired cadaveric
sheep shoulders were chosen based upon prior studies demonstrating similarities in the
size, shape, and microstructure of sheep cuff tendons and human cuff tendons (Gerber et
al., 1994). Each tendon was cut approximately 5-cm in length and was split in half
longitudinally to yield four tendon specimens from each pair of shoulders (Fig. 12). Thus,
a total of 124 tendon grafts were obtained. All tendon grafts was visually inspected for

any gross abnormalities or defects and none were excluded from testing.

4.2.2 Group Allocation

These 124 tendon grafts was divided among three groups:

Group 1: Forty tendon grafts was used for the evaluating the lasso loop stitch. These 40
grafts were equally divided among the five stitches: namely simple, mattress, MMA,
MAC and lasso loop stitch (Fig. 13). Thus we obtained a sample size of eight for each
group. The suture in each graft was placed 0.5-cm from the distal tendon end by an
experienced surgeon. All suture used in this study was #2 Orthocord, which is a braided
ultrastrong permanent suture (Depuy Mitek, Raynham, MA). The stitches was placed

using the Clever Hook (DePuy Mitek, Raynham, MA), tissue penetrator.
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Figure 12: Figure showing the process by which the tendon grafts are harvested.
A) Tendon with the attaching muscle is dissected out from the shoulder B) The muscles
are scraped out C) Tendon stripped out of muscle D) The tendon is split longitudinally in
to two grafts.

36



Figure 13: Figure showing the five different sutures placed.
A) Simple stitch, B) Mattress stitch C) Modified Mason-Allen (MMA) stitch D) Massive
cuff (MAC) stitch and E) Lasso loop stitch.
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Group 2: Forty-eight tendon grafts was used for evaluating the impact of tissue penetrator
geometry on suture strength. Two different tissue penetrators namely the Chia Perc-
Passer (DePuy Mitek, Raynham, MA) which has the smallest circular cross section and
the Ideal Suture Passer (ISP) (DePuy Mitek, Raynham, MA) which has a mid-size
circular cross section were used (Fig. 14). With each device, three different stitches
namely, the mattress, MMA, and LL was placed. Thus we obtained a sample size of eight
for each group. The suture were placed 0.5-cm from the distal tendon end by an

experienced surgeon.

Group 3: The final thirty-six tendon grafts were used to evaluate the effect of bite size on
the suture strength. These 36 grafts were equally divided among the five stitches: namely
simple, mattress, MMA, MAC and lasso loop stitch. Thus we obtained a sample size of
seven for each group. The suture in each graft was placed 1.0-cm from the distal tendon
end. The stitches was placed using the Clever Hook (DePuy Mitek, Raynham, MA),

tissue penetrator.

4.2.3 Biomechanical Testing

Biomechanical testing was carried out using the previous established method (Ma et al.,
2004) in which the free end of the suture was tied around a fixed metal bar which is
attached to a 10 KN load cell (Fig. 15). This setup was utilized so as to exclude the
tendon-bone interface and thus this process evaluates the strength of the suture-tendon

interface only (Gerber et al., 1994). The proximal tendon end was fixed in a custom
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Figure 14: Three different tissue penetrators tested.
A) Clever hook, B) Ideal Suture Passer (ISP) and C) Chia Perc-Passer.
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Figure 15: Jig used for testing suture strength
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tendon clamp on an uniaxial 858 Mini-Bionix uniaxial servohydraulic Materials Testing

System (MTS Systems Corp., Eden Prairie, MN, USA).

Four self-adhesive 2-mm-diameter retro-reflective passive markers (Qualysis Inc., East
Windsor, CT); one at the suture-tendon interface, one at the clamp-tendon interface, one
on the clamp and one on the metal bar adjacent to the suture loop were placed in each
tendon. An infrared camera (Qualysis Inc., East Windsor, CT) having a resolution of +/-
0.05mm connected to a computer running PCReflex (version 2.0; Motion Capture
Software) for data acquisition was used. Markers were calibrated before each testing
session by measuring the distance between the markers and the camera. The use of the
video displacement measurement method prevents possible slippage of the clamp-tendon
system from being included in the determination of displacement. The data was sampled
at frequency of 120 Hz to measure the relative displacement of the tendon and the suture

on the basis of the marker displacements.

4.2.3.1 Cyclic Loading Test

Each tendon graft underwent a cyclic loading test in which its performance under
repeated loading conditions was examined. A 5-N preload was applied to pretension the
specimen after which the tendon was cyclically loaded under force control from 5to 20 N
at 0.25 Hz for twenty cycles with use of a half-sinusoidal waveform. The 20-N upper
limit for twenty cycles was chosen based on the initial trials performed. Elongation and
peak-to-peak displacement was determined in the cyclic loading test. Elongation is

defined as the difference in y-displacement between the first cyclic peak and the
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twentieth cyclic peak. Peak-to-peak displacement is defined as the average of the local

minimum to maximum of the eighteenth, nineteenth, and twentieth cycles (Fig. 16).

4.2.3.2 Load to Failure/ Tensile Test

Following cyclic loading, each tendon specimen was loaded to failure under displacement
control at a rate of 1 mm/sec and sampled at a frequency of 100 Hz. Actuator force and
displacement were recorded using the MTS TestStar software. Following testing, the
actuator load and displacement data were transferred to Excel software (Microsoft
Corporation, Seattle, WA) to create load-displacement curves. From the load-
displacement curves, load to failure of each tendon graft was obtained (Fig. 17). The
peak force was considered as the load to failure. Also the failure mechanism (suture

breakage or pull-out) for each specimen was recorded.

4.2.4 Statistical Analysis

A two-way ANOVA was carried out to find the effect of the bite size and the type of
suture . Again two-way ANOVA was carried out to compare the effect of instrument
geometry and the type of suture used on the biomechanical properties. Statistical analysis
of elongation, peak-to-peak displacement and load to failure was performed with a

significance level of o = 0.05.
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CHAPTER 5
RESULTS

5.1 Calcar Fixaion and Stability
The results obtained from the biomechanical testing are shown in Table 1. The results
indicate that the medial comminuted group without calcar fixation (short E-hole screws)
produced the lowest values of load to failure, energy to failure and stiffness. Each of
these values increased, in ascending order, for the group with medial comminution and
good calcar fixation (long E-hole screws), non-comminution without calcar fixation, and
non-comminution with calcar fixation. However this trend was not observed for the

displacement at failure.

Table.1
Biomechanical properties of the construct tested (mean + standard deviation)
Properties MC without calcar MC with calcar  NC without calcar  NC with calcar
fixation (N = 6) fixation (N = 6) fixation (N =5) fixation (N =5)
Load to
Failure (N) 491.39 £ 114.65 634.02 + 224.32 081.19 + 348.59 1235.58 + 379.18
Energy to
Failure (N*mm)  2014.09 £ 702.34  3000.04 + 1390.2  4079.59 £ 2399.6  5369.01 + 2843.2
Stiffness
(N/mm) 104.76 + 37.28 143.25 £ 65.42 156.91 + 28.27 162.44 + 31.38

Displacement at
Failure (mm) 6.87 +1.90 7.66 +2.15 7.51+1.88 7.76£1.43

Regression model performed on biomechanical properties showed that BMD was not a
statistically significant predictor for either outcome i.e. BMD did not have any significant
effect on either comminution or calcar fixation (p>0.05). However, BMD significantly

improved model fit and so it was included in the regression analyses.

44



The results showed that the medial comminuted specimens produced a much lower
average load to failure (562 = 169 N) than the non-comminuted specimens (1108 + 363
N) (Fig. 18). Comminuted specimens had a drastic decrease of 49% average load to
failure and this difference was found to be significant by both the ANOVA and
regression analysis (p=0.015). While comparing the effect of calcar fixation, constructs
with long E-hole screws withstood 27% more load than the constructs with short screws.
The specimens with long E-hole screws (936 + 301 N) yielded at significantly (p=0.002)

higher average load than constructs with short E-hole screws (736 + 231 N) (Fig. 19).

Load to Failure (N)

Fracture Type

Figure 18: Comparison of average load to failure between comminuted and
non-comminuted fracture trails. * Indicates significant difference (p < 0.05)

Similar results were obtained for energy to failure in which the medial comminuted
specimens (2507 £ 1046 N*mm) had significant lower average energy as compared to the
non-comminuted specimens (4724 + 2620 N*mm) (p=0.013). This represents a decrease
of 45% energy to failure(Fig. 20). In addition, constructs with long E-hole screws

produced a higher average energy to failure (4185 + 1616 N*mm) than short screws
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(3047 £ 1550 N*mm) i.e. constructs with good calcar fixation absorbed 31% more

energy than constructs without calcar fixation (Fig. 21).
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Figure 20: Comparison of average energy to failure between comminuted
and non-comminuted fracture trails. * Indicates significant difference (p < 0.05)
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Figure 21: Comparison of average energy to failure between constructs with long and
short calcar screws. * Indicates significant difference (p < 0.05)

In comparing the stiffness and displacement at failure between the four constructs, the
regression analysis showed that neither calcar fixation nor lack of medial cortical contact
had any significant effect (p<0.05) (Fig. 22, 23). Only an increasing trend in average
stiffness was observed among the different test groups, with the comminuted specimens
without calcar fixation having the lowest value and the specimens which lacked medial
comminution and having calcar fixation having the highest stiffness. However no trend

was found with regards to the displacement at failure.

150
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MCS MCL NCS NCL
Construct Type

Figure 22: Comparison of stiffness between various constructs.

47



Displacement at Failure (mm)

0 2 & = = ==
MCS MCL NCS NCL

Construct Type

Figure 23: Comparison of displacement to failure between various constructs
MCS: Medial comminuted with short screws, MCL: Medial comminuted with long screw,
NCS: Non-comminuted with short screws, NCL: Non-comminuted with long screws

5.2 Mode of Failure

Regarding modes of failure, the comminuted fracture specimens were observed to deform
immediately with the application of load, resulting in varus angulation and closure of the
medial cortical defect. The load at which this closure occurred was considered as the load
to failure. With further application of force, the closure was followed by shearing of the
proximal humeral head along the medial fracture line and subsequent proximal screw
pullout. At the completion of the test, the PHLP/comminuted fracture constructs were

significantly weakened by loss of proximal fixation (Fig. 24).

However in two particular cases of comminuted fracture specimens, the humeral head
first sheared along the medial fracture line and this was simultaneously accompanied by
the varus angulation followed by subsequent proximal screw pullout (Fig 25). Also in
three specimens, the PHLP plates had bent significantly at the end of the test (Fig. 26).
However this bending phenomenon did not significantly affect the load or energy to

failure values in these constructs.
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Figure 24: Mode of failure in medial comminuted specimens.
Before loading (left) and after loading (right)

Shearing of the
humeral head

Figure 25: Figure showing the shearing of the humeral head

49



Bending of
PHLP construct

Figure 26: PHLP bent at the end of the test.

Figure 27: Mode of failure in non-comminuted specimens.
Before loading (left) and after loading (right)
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In contrast to the comminuted fracture the non-comminuted fracture specimens did not
show a clear pattern of failure (Fig. 27). In this case, the non-comminuted fracture
specimens initially resisted displacement and angulation but with application of load the
fracture line expanded, leading to failure of construct but with minimal varus angulation

(Fig 26).

In three particular trials with in this group, the application of the load by the cupped
cylinder caused an indentation on the humeral head (Fig. 28). In all these cases the load
before failure was lower than that of the average failure loads in their respective groups.
However this effect did not significantly affect energy to failure or the stiffness values

within the group.

Indentation mark
by the actuator

Figure 28: Figure showing the indentation caused by the actuator.
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5.3 Evaluation of Lasso loop, Bite Size and the Instrument Size Used

When comparing the lasso loop with the other suture types, the lasso loop (56.14 £ 18.72
N) had 35% higher average load to failure than simple stitch (41.37 + 24.92 N) although
the difference was not statically significant (p=0.29). Also the mattress stitch (61.15 +
27.6N) had similar average load to failure values with that of lasso loop stitch (p=0.62).
Both MAC (150.33 + 47.1 N) and MMA (114.22 £ 54.3 N) had significantly higher

average load to failure than the lasso loop, mattress and simple stitch (p<0.05) (Fig. 29).
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Figure 29: Graph comparing the average load to failure between the suture types.
* Indicates significant difference (p < 0.05)

Table.2
Biomechanical properties of sutures tested using clever hook with 0.5-cm bite size (mean +
standard deviation)

Biomechanical Simple Mattress MAC MMA Lasso loop
Properties (N=8) (N=8) (N=8) (N=8) (N=8)
Load to 29.77+2748 4491 £23.19 13958 +45.13 100.13+45.14 4290+ 15.20
Failure (N)
Cyclic 1.32+0.10 1.31+0.09 1.37+£0.13 141 +0.17 1.39+0.15
Elongation (mm)
Peak to peak 1.14+0.04 1.14 £ 0.08 1.17 £0.07 1.14 +0.07 1.18+0.12
Displacement
(mm)
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Table.3
Biomechanical properties of different sutures tested using clever hook with 1.0-cm bite size
(mean + standard deviation)

Biomechanical Simple Mattress MAC MMA Lasso loop
Properties (N=8) (N=8) (N=8) (N=8) (N=8)
Load to 52.96 +16.39 81.34 £32.08 162.61+51.22 130.32+56.90 69.38 +13.79
Failure (N)
Cyclic 1.66 +0.15 1.70 £ 0.17 1.75+0.19 1.77 +0.04 1.71+0.22
Elongation (mm)
Peak to peak 1.22 +0.06 1.26 + 0.08 1.23+0.08 1.21+0.09 1.26 + 0.08
Displacement
(mm)

When comparing the effect of bite size, the statistical analysis showed that the bite size
had a significant effect as the load to failure in all the suture types (Table 2, 3). All the
stitches had significantly higher load to failure at 1.0-cm purchase than the 0.5-cm

purchase (p=0.015) (Fig. 30).

The cyclic test revealed that there was no significant difference (p<0.05) in either cyclic
elongation or the peak to peak displacement between the different sutures at both 0.5-cm
and 1.0-cm purchase (Fig. 31, 32). Although the cyclic elongation was greater (1.66 to
1.77 mm) in tendon grafts with 1-cm purchase than the 0.5-cm purchase grafts (1.31 to
1.41 mm). Similar results were observed in peak to peak displacement in which grafts
with 1-cm purchase 1.14 to 1.18 mm while the 0.5-cm purchase grafts varied from 1.21

to 1.26 mm though this difference was not significant across the groups.
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Figure 30: Graph comparing the load to failure between the suture types for the two
purchase group. * Indicates significant difference (p < 0.05)
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Figure 31: Graph comparing the cyclic elongation between the suture types
for the two purchase group.
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Figure 32: Graph comparing the peak to peak displacement between the suture types for
the two purchase group.

Table.4
Biomechanical properties of sutures tested using chia perc-passer with 0.5-cm bite size
(mean + standard deviation)

Biomechanical Mattress MMA Lasso loop
Properties (N=8) (N=8) (N=8)
Load to 55.3 £21.39 124.0+34.73 51.28+21.34
Failure (N)
Cyclic 1.38+£0.26 1.4+0.2 1.39+£0.18
Elongation (mm)
Peak to peak 1.19+0.06 1.15+0.08 1.19+0.05

Displacement (mm)

Table.5
Biomechanical properties of different sutures tested using Ideal Suture Passer with 0.5-cm
bite size (mean * standard deviation)

Biomechanical Mattress MMA Lasso loop
Properties (N=8) (N=8) (N=8)
Load to 41.06 + 101.73 £ 49.87 £19.49
Failure (N) 10.02 36.38
Cyclic 1.42 +0.22 1.43+£0.18 1.36 £0.13
Elongation (mm)
Peak to peak 1.19+0.05 1.17£0.05 1.18£0.09

Displacement (mm)
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The ANOVA showed that the load to failure was not affected by the different tissue

penetrator used for all the three different sutures placed (p=0.18). Even though a trend of

reduced strength with increasing tissue penetrator size was identified no significant

difference was found in the average load to failure (Fig. 33). The average load to failure

of the different stitches using the chia perc-passer was 55.3; 124.0; 51.28 N (mattress;
MMA,; lasso) while for the ISP was 41.6; 101.73; 49.87N and in case of clever hook it
was 44.9; 100.1; 42.9N. When comparing the sutures placed, MMA had a significantly
higher load to failure values than that of the lasso loop and the mattress stitch (p=0.001
p=0.001 respectively). Similar results were obtained for the cyclic tests in which the
different tissue penetrator did not have any effect on either the cyclic elongation or the

peak to peak displacement (p=0.23) (Fig. 34, 35).
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Figure 33: Graph comparing the load to failure between the suture types for the different

tissue penetrator
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Figure 34: Graph comparing the peak to peak elongation between the suture types for the
different tissue penetrator
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CHAPTER 6

DISCUSSION
6.1 Importance of Calcar Fixation
Proximal humerus fractures often presents difficulty in obtaining stable fixation mainly
because of comminution and poor bone quality (Traxler et al., 2001). With the emergence
of locked plating as most of the proximal humerus fractures are treated by this method it
is important to understand the advantages and limitations of this treatment. Clinically,
hardware failure and varus collapse continues to be a challenging problem. Hence in this
study we created a fracture model to simulate a medial comminution, so as to evaluate its

influence in aiding varus collapse.

Two important findings were identified: First, a lack of medial cortical contact
significantly destabilizes proximal humerus fracture constructs. Clinically, residual
calcar disruption can result from either an inadequate reduction or from medial
communition. From the test results we see that the comminuted trails have a much
significant lower load and energy to failure (by around 45%) than that of non-
comminuted fracture specimens. This clearly demonstrates that proximal humerus
fractures with a lack of cortical contact medially are at greater risk for varus collapse. Our
findings are in agreement with previously published results (Chudik et al., 2005) in which
they indicated that lack of medial cortical contact due to comminution may be a predictor

of poor fixation outcome.
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Second, restoration of stability with calcar fixation significantly improves fracture
fixation strength. Fractures without calcar fixation (short E-hole screws) failing at
significantly (p <0.05) lower loads and energy to failure than those with calcar fixation
(long E-hole screws) mirrors our hypothesis that greater stability and increased resistance
to varus deformity is gained through use of long E-hole screws. Even with cortical
contact medially, it is seen that placement of screws across the calcar region increased the
load to failure values by around 26% (1235 N vs. 981 N). This was more prounced in
case of fractures with medial comminution in which calcar fixation improved loads to
failure by 29% (634 N Vs 491 N). Thus calcar fixation was significant independent of

cortical contact medially.

When comparing the stiffness between the various construct, only a trend was observed
between the comminuted and non-comminuted trails. Failure to identify a difference in
stiffness in this study is expected, because the testing method and material was consistent
for all trials. Stiffness depends on the entire experimental setup rather than any particular
part of the testing material. As the variation in testing method and material is minimized,
the difference in stiffness between the construct may be attributed to the differences in
BMD in the humerus. Markus et al. (2005) showed that trabecular BMD of the humeral
head has a significant effect on the pullout strength of cancellous screws. In our case as
most of the locking screws and are placed in the humeral head, changes in BMD can

affect the fixation stability of the PHLP construct thus affecting the stiffness.
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With regard to the mode of failure, even though differences were observed between the
two methods of fixation, both methods of fixation failed proximally in the head fragment,
and the distal fixation to the shaft was not noticeably affected. These observations
suggest that, the differences in the biomechanical properties between the specimens are
mainly due to the differences in the proximal fixation in the PHLP constructs. As all the
constructs had the same type of screws in the humeral head except the E-hole screws, we
predict that these E- holes screws that are placed along the most inferior aspect are most

likely responsible for the differences.

Our results were obtained using a fracture model where uniform and overall good
fixation, that is, every hole in the locking plate was filled with a screw placed into the
subchondral bone except for the variation in the E-hole screws so as to reduce
confounding variables. Clinically, it is not unusual to have some of these screw holes left
empty. Studies have shown that for locking plates for proximal humerus fractures, an
average of five locking screws was only used (Ponce et al., 2007). Thus, the effect that
calcar fixation screws have on stability of proximal humerus fractures likely would be

even greater when some screw holes are not filled.

The locking plate may be adjusted slightly proximally or distally, and is often placed
where it best fits the anatomy of the lateral cortex and greater tuberosity, without

particular attention to the location of the screws in the proximal fragment. It has been
found that placing the plate too proximal may lead to impingement of the plate on the

acromion in abduction and placing the plate too distal may prevent the use of locked
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screws of sufficient length, respectively (Fankhauser et al., 2005). So if the position of
the plate is not chosen by ensuring that the inferomedial screws will be placed in the
proper location, the screws may be easily misplaced and early mechanical failure may be
more likely. In such cases the screw purchase plays an important role in the integrity of
the construct. Though Liew et al (2000) found that the screw purchase was significantly
greater when screws were placed in the medial subchondral bone they cautioned about
not just relying on fixation in the superior humeral head. Thus a proper understanding of
the bone-screw interface strength is necessary for the fixation of the proximal humeral

fracture with the PHLP construct.

The limitation of the study includes the simple loading pattern which may not accurately
reproduce the actual complex assortment of forces and factors encountered in vivo. Also
our model failed to account for torsional forces, multidirectional forces, cyclic loading
that may be encountered in actual scenario. However the biomechanical assessment we
followed was consistent with a previous loading model and also the mode of failure we
obtained in our testing construct was similar to that previously described in in-vivo trials

(Esser et al., 1994), thus providing validation to our loading model.
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6.2 Effect of Lasso loop, Bite Size and Instrument Geometry

Arthroscopic repair of the rotator cuff have become popular because of its lower
morbidity and the ease of visualization (Wilson et al., 2002). Yet, concerns are raised
regarding arthroscopic rotator cuff repair on the tendon fixation. Arthroscopic rotator cuff
repairs are still limited to simple and horizontal mattress stitches because of the ease of
suture placement (Burkhart et al., 1996). However we observe frequent re-tears in both
these fixation method. Hence the main goal in arthroscopic rotator cuff repair has always
been to obtain good tendon fixation to bone that is strong enough to allow for biologic
healing as it has been widely accepted that the suture-tendon interface remains the

probable site of failure of rotator cuff repair.

In this study we examined the effect of three different parameters with the aim of
achieving better tendon fixation. First, we performed a biomechanical evaluation of a
novel arthroscopic stitch, the lasso loop stitch in comparison to the other common
stitches. Second, we analyzed the effect of increasing the bite size on the tendon holding
strength and third, we studied the influence of the different geometry of the tissues

penetrators that are commonly used in arthroscopic surgery on the tendon fixation.

The results of this study did not support our first hypothesis that the lasso loop stitch has
comparable strength to MAC or MMA. Instead the biomechanical tests reveled that the
lasso loop stitch had comparable strength with that of mattress stitch and had
significantly less strength that of MAC and the MMA stitches. However, as predicted the

lasso loop stitch (56.14 N) withstood higher average load to failure (35% increase) than
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the simple stitch (41.37 N) even though this difference was not statistically significant.
This indicates that the self-cinching effect or the “the strangulation” effect as described
by Lafosse et al. (2006) created in the lasso loop stitch resulted in a better tendon

fixation. Also as the lasso loop stitch had comparable strength to that of mattress stitch

(63.12 N); the lasso loop could be used as alternative for the mattress stitch.

When comparing the other suture type, we found that the MAC (151.1 N) stitch had a
significantly (p<0.05) higher load to failure values than the other stitches; even with that
of MMA stitch (115.22 N). This observation was different from the previous studies by
Ma et al., (2006) and Sileo et al. (2007) where they demonstrated that both MMA and
MAC had similar load to failure. However our results from the cyclic loading test which
did not demonstrate any significant difference among stitches with regard to peak-to-peak
displacement or elongation was in agreement with the results obtained from Ma et al.

(2006).

Our second hypothesis of different tissue penetrator geometry having influence in the
tendon holding strength was also not supported by the experimental data. The data
showed that the there was no influence on either load to failure or cyclic elongation or the
peak to peak displacement by the three different tissue penetrators we used in this study.
However we found the load to failure in almost all the suture type was highest with the
chia perc-passer which had the smallest diameter, followed by the ISP which was a
medium size tissue penetrator and finally the clever hook had the lowest load to failure

value. Also in a study by Chokshi et al., (2006) they found that the durability of rotator

63



cuff repair under cyclic load depended upon the type of tissue penetrator used for suture
passage through the tendon. Thus even though the failure loads were not significantly
affected by the differences in tissue penetrator geometry in this study, it is recommend
that a smaller diameter device be used for arthroscopic passage of sutures through the

rotator cuff tendon so as to increase the tendon fixation.

The third hypothesis of bigger bite size will result in increased load to failure was
supported by the biomechanical test data. The results clearly indicated a marked increase
in failure load with 1.0-cm bite size when compared with that of the 0.5-cm bite
irrespective of the suture used. This suggests that for a good tendon fixation, one need to
have a better bite size. Also previous study has demonstrated that a larger tissue purchase
improved the footprint coverage (Harryman et al., 2000). However one has to be critical
about the bite size for the suture placement as it as known fact that the tendon thickness

decreases proximally as it give rise to the muscle attachments.

The main focus of this study was to test the strength of the suture-tendon interface i.e.,
the tissue-holding strength of the stitch where clinical failures are reported. We utilized
the experimental setup described by Ma et al. (2006), in which the sutures were tied
around a metal bar to exclude the suture-bone or bone-anchor interfaces. Hence the
observed mode of failure in the entire specimen was the suture tearing out of the tendon

which was similar to the failure mode obtained in previous studies (Ma et al., 2006).
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The limitations of the study include the use of sheep tendons. Though studies have shown
that sheep rotator cuff tendons resemble human rotator cuff tendons in size, shape, and
microstructure they are different from the degenerated tendons seen in human shoulders
with chronic rotator cuff tears. However the sheep infraspinatus tendon has been shown
to be a good model and has been used extensively for the evaluation of rotator cuff
tendon repairs (Gerber et al., 1998; Lewis et al., 2001). Another limitation of the study
was that all stitches were placed in an open environment, as opposed to arthroscopically.
Also this study does not include the potentially confounding variables such as the tendon-

bone or the bone-anchor interfaces found in physiological conditions.

As this study demonstrates that cinching effect in the stitch could increase the suture
strength, our future work will involve testing other novel cinching suture techniques like
mattress-lasso and double-cinch stitches. Also, we will be testing more specimens per
each suture group so as to demonstrate a significant difference between the lasso loop
stitch and the simple stitch. Apart from this the future work will involve testing the
performance of the sutures including the tendon-bone interface and the tendon-anchor

interface.
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